there is an increased accumulation of calcium in dystrophic muscle and that this may have a pathophysiological role in the progression of the dystrophic process. The accumulation may be related to a defect of the plasma membrane. Because parathyroid hormone (PTH) stimulates calcium influx into the cytosol, the chronic effects of surgical ablation of the parathyroid glands on muscle Ca, Mg, protein synthesis, and histology, as well as plasma creatine phosphokinase (CPK), Ca, and Mg, were studied in normal and dystrophic (BIO 14.6) To determine the degree of dystrophy at the age when TPTX was performed, identical analyses were made in 35-d-old hamsters. Definitive histological signs of dystrophy were observed, and although the Ca content in heart, diaphragm, and rectus femoris was elevated, the values were lower than in 90-d-old intact and TPTX dystrophic hamsters. This indicates that chronic TPTX in dystrophic hamsters reduces, but does not arrest, the dystrophic process.
intact dystrophic hamsters, the Ca content in the heart was 20 times higher than in normal animals and was reduced by half in TPTX dystrophic hamsters. Similar results were observed in diaphragm and rectus femoris. No abnormalities in Mg content were observed in intact or TPTX dystrophic hamsters. Ether-extractable fat of the heart and diaphragm was reduced in dystrophic hamsters and was not modified by TPTX. Protein synthesis was enhanced in the diaphragm ofdystrophic hamsters but was not changed by TPTX. The concentration ofCPK in plasma was elevated in dystrophic hamsters and fell significantly after TPTX. In the latter animals, microscopic examination of the heart showed 646 lesser signs of dystrophy, particularly in the degree of fibrosis.
To determine the degree of dystrophy at the age when TPTX was performed, identical analyses were made in 35-d-old hamsters. Definitive histological signs of dystrophy were observed, and although the Ca content in heart, diaphragm, and rectus femoris was elevated, the values were lower than in 90-d-old intact and TPTX dystrophic hamsters. This indicates that chronic TPTX in dystrophic hamsters reduces, but does not arrest, the dystrophic process.
In normal hamsters, a 50% reduction in plasma Ca concentration was observed 6 h after TPTX; 55 d after TPTX, however, plasma Ca was within normal limits in both normal and dystrophic hamsters. No parathyroid tissue was observed in serial sections of the trachea and adjacent tissues in TPTX animals. This suggests that in chronically TPTX hamsters fed a standard laboratory diet, plasma Ca can be maintained by mechanisms independent of parathyroid function.
The data indicate that in dystrophic hamsters TPTX causes a marked reduction in: (a) muscle Ca accumulation, (b) levels of plasma CPK and, (c) intensity of histological changes in the heart. These changes were independent of the levels of plasma Ca and were not observed in normal hamsters. We conclude that PTH accentuates the dystrophic process, probably by enhancing the already increased Ca flux into muscle (apparently caused by defective sarcolemma). We postulate that normal secretion of PTH may have a deleterious effect in congenital or acquired conditions associated with altered plasma membranes. INTRODUCTION Excessive Ca accumulation in muscle, which occurs in genetic (1) , nutritional (2, 3) , and drug-induced muscu-lar dystrophy (4), appears to play an important pathophysiological role in the dystrophic process (5) (6) (7) . There is cumulative evidence indicating that in Duchenne muscular dystrophy, the most severe type of human muscular dystrophy, there is a defect in plasma membrane of muscle (8, 9) and erythrocytes (10) . A similar defect was observed in muscle of dystrophic hamsters (11) . This defect may explain, at least in part, the leak of intracellular substances, such as creatine phosphokinase (CPK),' to the extracellular environment, and the excessive incorporation of extracellular components such as Ca inside the cell (7, (12) (13) (14) . Because it has been estimated that the concentration of extracellular Ca is -1 mM and 0.1 ,uM in the intracellular compartment (15) , it is likely that a defect in plasma membrane physiology, such as decreased effectiveness of the membrane Ca pump or an increase in passive Ca permeability, could be responsible for the elevated Ca content in dystrophic muscle.
Parathyroid hormone (PTH) increases the flux of Ca into the cytosol of cells (16) both directly by altering plasma membrane permeability and indirectly by increasing intracellular cyclic AMP, which in turn stimulates the flux of Ca from mitochondria into the cytosol (17) . In hyperparathyroidism there is an abnormal accumulation of Ca in soft tissues (18) . This effect is independent of the concentration of Ca in plasma. Increased Ca content was found in brain (19) and in muscle (20) of uremic dogs with secondary hyperparathyroidism and having normal or low plasma Ca. Parathyroidectomy prevented, and administration of PTH to parathyroidectomized uremic dogs reproduced, the abnormal accumulation of Ca in these tissues (19, 20) .
The preceding prompted our hypothesis that in the presence of altered plasma membranes, as occurs in muscular dystrophy, "normal" levels of circulating PTH could enhance the accumulation of Ca in muscle, resulting in cellular damage and accentuation of the dystrophic process. To test this hypothesis, the chronic effect of surgical ablation of the parathyroid glands on muscle Ca, Mg, protein synthesis, and histology, as well as plasma CPK, Ca, and Mg, were studied in dystrophic and normal hamsters.
METHODS
Dystrophic hamsters (BIO 14.6 strain) and nondystrophic hybrid hamsters of the same age (BIO FlB strain), 35 the animals were shipped to our laboratory, housed in groups of five, and fed Rodent Laboratory Chow 5001 (Ralston Purina Co., St. Louis, Mo.), containing 12 g of Ca and 8 g of P/kg ration, and tap water ad lib. A replacement dose of L-thyroxine, 0.6 ,ug/100 g body wt/d, was given to TPTX hamsters. The thyroxine (Sigma Chemical Co., St. Louis, Mo.) was dissolved in slightly alkaline-distilled water, diluted with 0.4 g/dl bovine serum albumin in 0.15 M NaCl, pH 7.0, to a concentration of 3 ,ug/ml, and frozen in aliquots. Each day a new vial was thawed, and 0.2 ml/100 g body wt was injected subcutaneously in the neck. Intact animals received 0.15 M NaCl, 0.2 ml/100 g body wt/d. The dose of L-thyroxine used is known to be adequate for maintaining euthyroid status in thyroidectomized hamsters (21) . 55 d after TPTX (age 90 d), the animals were anesthetized with ether, and blood was drawn from the abdominal aorta with heparinized syringes for separation ofplasma at 4°C. Plasma was frozen at -700C for later determination of CPK, Ca, and Mg. Diaphragm muscle was removed from the rib cage; one-fourth was taken for histology, and one-half for determining Ca and Mg. The remaining quarter diaphragm was weighed and used to measure the rate of protein synthesis in vitro. The heart was cleaned of adjacent tissues. The ventricles were weighed, the apex was used for histology, and the remainder of the ventricles were used to measure Ca and Mg. Finally, the left rectus femoris was removed, freed of visible fat and fascia, analyzed for Ca and Mg content, and mounted for histological examination. To determine the completeness of the TPTX, a careful examination of the trachea and adjacent area was performed under a dissecting microscope, and in addition, the trachea and adjacent tissues were fixed in 10% neutral formalin for histological evaluation.
Quarter-diaphragms were incubated at 37°C for 1 h in 6 ml of Krebs-Ringer bicarbonate buffer containing 50 AM Lphenylalanine-2,3-3H (New England Nuclear, Boston, Mass.), 1 ACi/ml. The tissues were then processed as described (22) , and the incorporation of phenylalanine into protein was expressed as disintegrations per minute 3H per milligram protein.
For histological examination of muscle, samples of the heart, diaphragm, and rectus femoris were immediately mounted in tragacanth gum and frozen in 2-methylbutane that had been chilled in liquid nitrogen (23) . Sections (10 Am) were stained with hematoxylin-eosin, modified Gomori trichrome (23), oil red 0 (23), and alizarin red S (24) . All muscle specimens were labeled using a randomized code to ensure a blind histological evaluation. An arbitrary scale of 0-4 was used for each parameter examined; 0 represented absence of lesions, and 4 indicated severe involvement.
Chemical analyses of tissues were conducted in dry, defatted specimens digested with 0.75 N nitric acid at 680C for 15 h as described (25) . This procedure extracts 99.8% of Ca and Mg from muscle. Determinations of Ca and Mg in tissues and plasma were done using atomic absorption spectrophotometry using a stoichiometric nitrous oxideacetylene flame for atomization (25, 26) . This procedure causes higher atomization for Ca (27) , and therefore is more sensitive, offers less fluctuation in the results, and has higher reproducibility than the air-acetylene flame conventionally used for atomization. An estimate of neutral fat content was obtained by the decrease in dry weight of the tissues after extraction with diethyl ether (25) .
Plasma CPK was assayed with a kit from Sigma Chemical Co., (45-UV), and the results were expressed in Sigma units per milliliter.
To determine the "base-line" values at the age when TPTX was performed, groups of BIO 14.6 dystrophic and BIO FlB nondystrophic hamsters were sent directly from Bio-Research Data on Ca and Mg content, and protein synthesis were subjected to 2-factor analysis of variance (ANOVA). When necessary to achieve homogeneity of variance, the data were log normalized. Comparisons between groups were made using Newman-Keuls or multiple t tests (28) .
RESULTS

Effects of chronic TPTX
Dystrophic and normal hamsters showed excellent tolerance to the chronic effects of TPTX. There were no signs of neuromuscular irritability, and therefore no additional Ca or vitamin D was given to that already present in the standard diet. The weight gain and general behavior were identical in intact and TPTX animals. HEART Fat, Ca, and Mg content. As shown in Table I , the Ca content in the ventricles of dystrophic hamsters (DH) was -20 times higher than in normal hamsters (NH). TPTX significantly (P < 0.001) reduced the Ca content in DH by half, but had no effect in NH. The Mg content was only slightly elevated in DH and did not change after TPTX. In NH however, TPTX provoked a mild (5%) but significant elevation of Mg (P < 0.005). Neutral lipid, expressed as g per 100 g ofdry tissue, was lower in DH than in NH (P < 0.0001), but was not modified by TPTX (Table I) .
Histological examination (Table II) . No lesions were observed in NH, intact, or TPTX hamsters. In DH, phagocytosis was frequently found, with foci of mononuclear cells around necrotic fibers and areas of calcium precipitation demonstrated by alizarin red S ( Fig. 1 ) and hematoxylin-eosin stains. Frequent disruption and hyalinization of myocardial fibers, which were sometimes replaced by bands of fibrotic tissue, were observed (Fig. 2) ; fat accumulation was not striking and was evident only in scattered areas. Although TPTX resulted in an overall reduction in the intensity of the lesions in DH, only the degree of fibrosis was significantly reduced by TPTX.
DIAPHRAGM
Fat, Ca, and Mg content (Table III) . Although the changes in Ca content were less than in the heart, the diaphragm of DH still had seven times more Ca than NH, and, as observed in the heart, TPTX reduced the Ca content in DH (P < 0.05). The content of Mg was almost identical in all groups, and the fat content was lower in DH than in NH (P < 0.001).
Protein synthesis. At the time of sacrifice, 90 d, the diaphragm of DH had visible hypertrophy in com- (Table II) .
parison with NH, and the rate of protein synthesis was greater (P < 0.002) than in NH (Table IV) nificant differences in the contents of Mg or fat were observed between any of the groups.
Histological examination (Table VI) . Dystrophic muscle showed many internalized nuclei. Occasional (Table  VII) and was reduced -65% in DH + TPTX (P < 0.02). Plasma Ca and Mg were normal in all groups; chronic TPTX had no effect on Ca and Mg concentrations.
Muscle status at the age of TPTX, 35 d To determine whether the changes observed in DH + TPTX represented improvement of the muscle, or arrest or retardation of the dystrophic process by parathyroid ablation; fat, mineral content, and histology of the heart, diaphragm, and rectus femoris were determined in DH and NH, age 35 d, the age when TPTX was performed. As shown in Table VIII , the Ca content in heart, diaphragm, and rectus femoris was elevated in young DH (P < 0.03, <0.0001, <0.002, respectively). The histological examination of tissues (Table IX) revealed signs compatible with dystrophy, although they were less intense than in animals killed at age 90 d. Thus, the histological findings and the Ca content suggest that at the time TPTX was performed, there were obvious signs ofdystrophy. The comparison of the Ca content in tissues in intact and DH + TPTX, age 90 d (Tables I, III, (Tables II, VI , and IX) and suggest that TPTX reduced the intensity of, but did not arrest, the dystrophic process. The fat content of the diaphragm (P < 0.0001) and rectus femoris (P < 0.002) was lower in DH than NH, but was unchanged in the heart (Table VIII) . In all tissues studied in DH, the fat content was lower at age 90 d than at age 35 d (P < 0.01) ( Tables I, III , V, and VIII). In NH only the rectus femoris of the older animals showed less fat than at 35 d (P < 0.001) (Tables  V and VIII) . In sections ofheart, diaphragm, and rectus femoris ofall groups ofanimals, histological staining for lipid revealed no appreciable accumulation of fat.
Effects of acute TPTX
Although no parathyroid tissue was observed with the dissecting microscope or in serial histological sections of tracheas and adjacent tissues 55d after TPTX, the findings of normal plasma Ca in TPTX, normal, and dystrophic hamsters (Table VII) heart, diaphragm, and rectus femoris that correlates well with the intensity of the histological picture of muscular dystrophy and the levels of CPK in plasma. Secondly, removal of the parathyroid and thyroid glands followed by replacement with physiological doses of thyroxine resulted in: (a) reduction of Ca accumulation in all three muscles examined, (b) reduction in the levels of CPK in plasma, and (c) mild reduction in fibrosis in the heart and atrophy in the rectus femoris. These effects of TPTX were only observed in DH. In normal hamsters no changes in the Ca content of heart, diaphragm, and rectus femoris occurred; only a mild elevation in the Mg content of the heart was observed following TPTX. (18) , particularly muscle (20) and brain (19) . These effects are observed in the presence (18) or absence (19, 20) of hypercalcemia. Moreover, the morphological and functional muscular abnormalities of hypercalcemic primary hyperparathyroidism (29) are also observed in the secondary hyperparathyroidism of osteomalacia with low serum Ca levels (30) . It is evident, therefore, that any form of hyperparathyroidism, independent of the levels of plasma Ca, may cause structural, chemical, and functional alterations of muscle.
In human (7, 12, 14, and 31) and hamster (1, 4) muscular dystrophy, the increased Ca content appears to occur both intracellularly and extracellularly, the latter probably as a result of necrosis. In the same animal model used in this study, the BIO 14.6 DH, Wrogemann and Nylen (32) found that cardiac mitochondrial Ca was increased -75% above normal. Similarly, Yarom et al. (13) , using an electron microscopic x-ray fluorescence technique for elemental microanalysis, observed a 250-300% increased Ca in nuclei and sarcoplasm of the heart. Therefore, most of the elevated Ca content in the heart (2,000% increase) observed in our study may represent Ca deposits, which primarily are extracellular. Our study does not attempt to discern whether TPTX reduced the Ca accumulation in the intracellular space, the interstitium, or both; nevertheless, it is likely that a major part of the reduction in heart Ca after TPTX occurred extracellularly. This suggests that parathyroid ablation retarded the necrotic process in some manner. One possibility that is consistent with the aforementioned studies of hyperparathyroidism (18) (19) (20) and the effects of PTH on isolated heart cells (33) is that TPTX reduced the flux of Ca into the cells. This accumulation of Ca has been postulated, on the basis of a variety of experimental approaches, to play an important pathophysiological role in the progression of the dystrophic process (1-7) . Further, a Ca++-activated neutral protease recently found in muscle (34, 35) may play an important role in muscular dystrophy (36, 37) . Agents such as leupeptin, which inhibits the Ca++-activated protease (38) , appear to have a beneficial effect in some animal models of muscular dystrophy (39, 40) . Thus, increased cytosolic Ca++, occurring before the development of clearly evident Ca deposits by light microscopy, could be responsible for some of the multiple changes that characterize the dystrophic process.
In this study, the Ca content in the heart of dystrophic animals was approximately eight times higher than in the rectus femoris, probably due to the more numerous Ca deposits observed in the heart. After TPTX, however, a similar reduction in Ca content (-50%) was observed in both tissues, accompanied by some amelioration of the histological picture and fall in the elevated plasma CPK, suggesting a general beneficial effect of parathyroid ablation in the course of the myopathy.
It must be pointed out that most of the work done in the past, as well as the data presented herewith, have been obtained in diverse animal models with muscular dystrophy. There are significant differences in the histological picture, evolution, and severity of the involvement of various types of muscles in animals with muscular dystrophy. None of the available models fully reproduces the human condition. Nevertheless, it is apparent that muscular dystrophy is associated with an increased accumulation of Ca in muscle (1-4, 7, 12-14, 31, 32) , and that maneuvers directed to reduce the Ca flux into cells may have a beneficial influence in the progression of the dystrophic process.
The observation of significant reduction in muscle and not to changes in plasma Ca. The in situ examination of the trachea and adjacent tissues, the histological serial section of these tissues, and the expected acute hypocalcemia following TPTX (41) strongly suggest that the excision of the thyroid and parathyroid glands was complete. Although the possibility that aberrant parathyroid tissue remained in the thymus or mediastinum after TPTX cannot be ruled out, the presence of a normal plasma Ca concentration 55 d after TPTX in NH, DH, and the lack of the phosphaturic response to PTH in hamsters (41, 42) suggests the presence ofas yet undefined mechanisms for Ca and P homeostasis independent of parathyroid function in this species. Because TPTX animals received maintenance doses of thyroxine at the apparent daily secretion rate (21) and because the other hormone (calcitonin) secreted by the thyroid inhibits Ca flux at the cellular level (43) , removal of the thyroid should, if anything, have resulted in greater accumulation of Ca in muscle instead of the observed reduction in muscle Ca content in DH + TPTX.
Neutral lipid was considerably reduced in the heart of 90-d-old, but not 35-d-old, DH. Quite similar results were obtained by Barakat et al. (44) in cardiomyopathic hamsters of the B10 82.62 strain, which was derived from the B10 14.6 strain used in our study. In agreement with others (11), we failed to find fat accumulation in skeletal muscle of either 35-or 90-d-old DH. In fact, the diaphragm showed marked reduction in neutral lipid at both ages. The decreased neutral lipid seen in the heart and diaphragm can partially be accounted for by the hypertrophy of these tissues (45, 46) , because our data were expressed as grams of lipid per 100 g dry weight. It is also conceivable that the increased protein synthesis and degradation (46) observed in DH or the need for increased energy by membrane "pumps" that are attempting to restore ionic balance in the face of leaky cell membranes (47) may increase the utilization of substrate and thus reduce fat accumulation. Our observation of increased protein synthesis in the diaphragm of dystrophic hamsters confirms previous reports of this strain of hamsters (46) . This increase was not modified by TPTX. One explanation for this is that protein synthesis in muscular dystrophy may be independent of changes in cellular Ca flux. A more likely explanation, however, is that the increased protein synthesis is largely due to activity of regenerating fibers and that regeneration is unaffected by TPTX. This explanation is also consistent with the histological observation of skeletal muscle in these animals.
Interestingly, we found that in normal hamsters the Ca content of the heart in 35-d-old animals was lower (P < 0.0001) and Mg was higher (P < 0.0001) than in 90-d-old animals. It is conceivable that the effectiveness of the cellular Ca pump may decrease with aging. Systematic studies of this problem may provide new insights on the role of divalent cations in aging.
On the basis of our observations, it seems justified to conclude that PTH, albeit in normal concentrations, exacerbates the dystrophic process in B1O 14.6 polymyopathic hamsters. Because muscular dystrophy in man and animal models is characterized by defective membranes, it would be important to determine whether normal blood levels of PTH may also accentuate Ca accumulation and aggravate other conditions characterized by accumulation of Ca in muscle and in which a defective Ca pumping mechanism may occur, such as rhabdomyolysis and malignant hyperthermia.
